General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



A VERSATILE DETECTOR SYSTEM TO 
MEASURE THE CHARGE STATES, 

MASS COMPOSITIONS AND ENERGY SPECTRA OF 
INTERPLANETARY AND MAGNETOSPHERE IONS* 


George Gloeckler 

Department of Physics and Astronomy 
University of Maryland 
College Park, Maryland 


TR 77-043 
PP 77-148 


Supported in part by the National Aeronautics and Space Administration 
under grants NGR 21-002-224 and NGR 21-002-316. 



A VERSATILE DETECTOR SYSTEM TO 
MEASURE THE CHARGE STATES. 

MASS COMPOSITIONS AND ENERGY SPECTRA OF 
INTERPLANETARY AND MAGNETOSPHERE IONS* 


George Gloeckler 

Department of Physics and Astronomy 
University of Maryland 
College Park. Maryland 


Abstract 

We describe an Instrument which can measure in detail the mass and 
charge state composition as well as fhe energy spectra and angular dis- 
trlbutions of 0.5 to 350 kev/ charge Ions In interplanetary space and In 
magnetospheres of planets such as Jupiter and earth. Electrostatic 
deflection combined with a tlme-of-flight and energy measurement allows 
three-parameter analysis of output signals from which the mass, charge 
states and energy are uniquely determined. Post-acceleration by 30 kV 
extends the energy range of the detector system Into the solar wind and 
magnetosphere plasma regime. Isotopes of H and He are easily resolved 
as are Individual elements up to Ne and the dominant elements up to and 
including Fe. This Instrument has an extremely large dynamic range in 
Intensity ('V'2‘10^'^) and Is sensitive to rare elements even in the 
presence of high Intensity radiation. Because of these features and 
modest weight, power and telemetry requirements this Instrument Is 
particularly well adapted for interplanetary, deep-space and out-of-the 
ecliptic missions as well as for flights on spacecraft orbiting Jupiter 
and earth. Although of fundamental Importance, composition measurements 
of the thermal and suprathermal plasmas in space are fragmentary and 
quite Incomplete. 



I . INTRODUCTION 


Measurements of the charge states and the chemical and isotopic 
con^ositions of particles originating in the galaxy, the sun, and the 
magnetospheres of earth and Jupiter are of fundamental importance (a) 
in identifying their sources of origin, (b) in characterizing regions 
in space in which they are confined and through which they propagate, 
and (c) in providing essential information on mechanisms responsible 
for their acceleration. Our knowledge on particle composition is most 
advanced for galactic cosmic rays (Meyer, 1975) and energetic solar 
particles (Gloeckler, 1975) . Significant progress in these studies is 
just now beginning for low energy particles confined to or originating 
in the earth's magnetosphere (Fritz, 1976). Information on the abundances 
of thermal and suprathermal ions at Jupiter has not yet been obtained, 
and our knowledge of the chemical and charge state composition of solar 
wind ions is fragmentary and quite incomplete (Hirshberg, 1974, Eberhardt, 
1974) . These significant gaps in our knowledge of the composition of 
thermal (‘^>l keV/nuc) and suprathermal (;^300 keV/auc) ions of solar, 
Interplanetary and magnetospheric origin exist because suitable detector 
systems were not available and have not been flown. 

In this paper we describe a versatile instrument which can measure 
in detail the energy spectra, composition and charge states of low energy 
ions in interplanetary space and magnetospheres of planets, such as earth 
and Jupiter. This charge-energy-mass-spectrometer (CHEM) can be adapted 
to operate without degradation and to provide composition measurements 
of thermal and suprathermal ions in intense radiation environments, such 
as those encountered at Jupiter at 6 Rj, or to measure the charge state 
and chemical composition of the solar wind. In particular, CHEM has the 
capability to detect and identify heavy ions whose intensities are as 
low as 5-10”** or as high as 10^^ (cm^sec sr keV/nuc)”^ in the energy 
range between 0.5 and 350 keV/charge. 

With the CHEM spectrometer it is possible to: 

(a) detect and identify protons, deuterons, He^, He** and heavier 
ions in the energy range 0.5 to 350 keV/charge. 

(b) measure the energy spectra of individual ion species over the 
entire energy range with a resolution AE/E of between 2 and 18%. 

(c) measure the charge states of these ions. 

(d) resolve unambiguously the Isotopes of light elements (at least 
up to carbon) and analyze with high priority dominant elements 
up to and including iron, such as, for example, sodium, 
sulphur and potassium ions . 
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(e) measure fluxes as low as 5 *10"'* or as high as 10^^ (cm^sec sr 
keV/nuc.)“^ . 

(£} perform composition measurements in Intense radiation environ- 
o^nts (for example, at Jupiter at 6Rj). 

(g) obtain composition measurements of heavy ions in the solar wind 
in the presence of large fluxes of solar wind protons. 

(h) analyze the composition and motions of tons in the outer 
cometary atmospheres. 

The major advantages of the CHEM Spectrometer over other detector 
systems generally used Include 

- measurements in an energy range not accessible with standard 
techniques (dE/dx E detectors have a low energy limit of 

'^100 keV/nuc no matter how thin the dE detector, while conventional 
plasma instruments generally stop at '^/10 to 20 keV/q). 

- capability to measure simultaneously the charge state, mass and 
energy of the incoming ions. (Charge states are not measured by 
dE/dx vs E, time-of-f light techniques, or a combination of these 
two methods; conventional electrostatic and magnetic deflection 
detectors which rely on a simple threshold detector such as a 
channeltron can at best measure mass per charge and are sensitive 
CO background radiation). 

- extreme insensitivity to background and an extensive Intensity 

dynamic range ('v 2*10^'*) achieved by a combination of electro- 

statlc deflection "filtering" (not feasible at energies above 
'^'0.5 MeV/charge) and fast double and triple coincidence counting 
techniques (not used in conventional thermal and suprathermal 
plasma instruments). 

- capability to continue measurements of the charge states and 
composition of the thermal plasma during times of spacecraft 
charging to 'V-20KV. 

II. PRINCIPLE OF OPERATION 

The CHEM Spectrometer is based on the proven technique of electrostatic 
deflection in combination with a time-of-flight and energy measurement. 

Fig. 1 shows a schematic representation of the instrument. A large area, 
multi-slit, focusing collimator defines the entrance trajectories of 
Incoming ions, each characterized by its energy E, Ionization (or charge) 
state q, and mass m. 

The electrostatic deflection analyzer selects ions which have the 
same E/qSp ratios and allows these ions to enter the time-of-flight (TOF) 
system. The ratio of the slit width of the exit slit in the deflection 
system to the total amount of deflection determines the energy per charge 
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passband (AE/q), and the energy resolution AE/E (typically 5 to 15Z) of 
the analyzer. The E/q value is varied systematically by stepping the 
deflection voltage. 

The tlme-of-fllght system serves to measure the velocity of the 
Ions. Two secondary electron detector assemblies (SEDA*s) separated by 
a distance d ('\»10 cm) are used as the "start" and "stop" detector. From 
the time delay (typically 20-200ns) between the start and stop signals 
the velocity v may be determined which, along with the known value of 
E/q ■ P gives the mass to charge ratio m/q of the ion. The start SEDA 
consists of a thin ('V'Syg/cm^) carbon foil and a microchannel plate (MCP) 
assembly. Ions passing through the carbon foil generate an abundant 
number (>10) of secondary electrons in the surface layers of the carbon 
foil. These electrons are electrostatically focused onto the MCP which 
produces a fast timing signal. The carbon foil Is thin enough so that 
the energy of the ion passing through It is not significantly degraded. 

The stop SEDA is identical to the start SEDA except that the surface gold 
layer of the solid state detector (which measures the energy of the ion) 
is used Instead of the carbon foil to generate the secondary electrons. 


CHARGE -ENERGY- MASS (CHEM) SPECTROMETER 
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The solid state detector (which is also part of the stop SEDA) 
measures the kinetic energy of the ion. This, cond>lned with the measure- 
ment of velocity by the TOF system and the E/q = p value of the deflection 
analyzer determines uniquely the charge state q, mass m, and energy E of 
the ions as indicated at the bottom of Fig. 1: q ■ aE*^; m - 2pq(At)^/d^ ■ 
2oE’ (Ax)^/d^; and E ■ pq ■ oE'. Energy losses in the carbon foil and the 
gold contact of the detector as well as non-ionizing collisions in the solid 
state detector (nuclear defect) combine to decrease the measured energy E* 
to a known fraction 1/a of energy E of the ion. 

The lowest energy at which ions will penetrate the 5yg/cm^ carbon foil 
of the start SEDA of TOF system is between 5 and 20 keV, and the lowest 
electronic threshold level on the signal of the solid state detector is 15 
keV. Analysis of the ion composition below these energies (for example at 
several hundred eV) , is achieved by post-accelerating the ions after they 
pass the electrostatic analyzer but prior to their entrance into the TOF 
system. A 30 kV post-acceleration is required in order to extend the energy 
range into the thermal plasma region (few hundred eV/nuc). 

The powerful multi-parameter analysis technique, fully developed in cosmic 
ray and solar particle dE/dx ^ E telescopes, is also applicable in the present 
case. In Fig. 2 we show a "matrix" of the time-of- flight va energy for a 
given value of p ■ 20 keV/q. We have, for the moment, neglected energy 



fig. 1 Simptiy.zd Tiim-o^~ftigfU ^ EneAgy mXAix. o and o ijidiccute. tho. 
tocLOtLoYiA oi i.oni in tku majOiix. 



5 


losses of the ions and the nuclear defect In the solid state detector 
in order to simplify the discussion of the main features of the matrix. 

In this matrix display each charge state of each element has a unique 
position which is determined by the intersection of the respective "charge 
state" lines (vertical, E ■ qp) and "mass" or "chemical element" lines 
(slope -1/2). For example, all singly ionized particles lie at the 
intersection of the E ■ 20 keV vertical line and the respective "mass" 
lines. The positions of a representative sample of charge states and 
elements are indicated as open and solid circles. The solid circles 
represent singly ionized particles, fully stripped nuclei and ions with 
charge state characteristic of the quiet solar wind. One should note in 
particular the wide separation between charge states and isotopes of H 
and He. 

The advantages of two-parameter data analysis techniques are many, 
including 

(a) identification and Isolation of any residual background; such 
residual background may be reliably corrected for. 

(b) identification and correction of any long term drifts; the 
positions of all elements would shift systematically. 

(c) self cr:iibratlon of the detector system; the basic pattern of 
positions of the dominant elements and charge states is easy 
to recognize without precise knowledge of the locations of the 
individual elements. 

(d) applicability of statistical techniques to provide a determination 
of the relative abundances of neighboring elements and/or charge 
states which on an event by event basis could not be resolved 
from one another. 

A matrix similar to that shown in Fig. 2 is obtained for each voltage 
step (p value) of the deflection analyzer. As p increases, the positions 
of each charge state of each element slides down and towards the right 
along the "mass" lines to new locations (the intersections of the new 
E ■ pq lines with "mass" lines"). A dynamic range in energy of 10 may be 
analyzed in continguous Intervals by Increasing the voltage in 50 (or 16) 
steps by an amount AE/E ■ 0.05 (or 0.15), where AE/q is the energy passband 
of the deflection analyzer. 


III. MEASURED RESPONSE OF THE TIME-OF-FLIGHT SYSTEM 

The deflection analyzer with the large area multi-slit focusing colli- 
mator and high voltage deflection supplies is a fully developed system 
which was first flown as an integral part of the University of Maryland 
Experiments on the IMP 7 and 8 spacecraft (Turns et al., 1974). For the 
CHEM spectrometer one can adapt with only minor modifications the design 
of the stepped voltage deflection analyzer used in the Max-Planck/Maryland 
experiments on the International Sun-Earth Explorer satellites. 
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The tliae-of-fllght technique using secondary electron detection to 
establish the start and stop times for ions traversing the system has been 
used for mass identification in low energy nuclear physics by many groups 
(Schneider, et Al*t 1970, Goulding and Harvey, 1975 and references therein). 
We have modified the Berkeley design (Viola, 1975) of the secondary electron 
detector a8send)ly (SEDA) for space-flight application and during the past 
two years have studied its characteristics. The results of these studies 
and calibrations of a prototype time-of-fllght ^ energy detector are 
summarized below. 


Total Energy Measurements of Low Energy Heavy Ions (Nuclear Defect) 

Energy losses of heavy ions in the gold contact layer of a solid 
state detector and non-lonlzlng nuclear collision of the ions in the 
silicon lattice reduce the fraction of the incident energy measured by 
these devices. At high energies (^ 1 MeV/nuc) these effects are small and 
over 95% of the Incident energy is detected. At lower energy the fraction 
of the incident energy measured decreases reaching values of about 0.2 for 
Kr at 1 keV/nucleon. Not only are there few measurements of the response 
of solid state detectors to low energy heavy ions, but there is also a 
large degree of Inconsistancy among the published values. Since some of 
the differences may be attributed to differences among the solid state 
detectors used (some detectors are known to have additional "dead" layers 
of Si) we have undertaken a series if measurements of energy losses of 
heavy ions in solid state detectors fabricated in our laboratory. The 
results are shown in Fig. 3 for ^H, ^H, **He, ^^0, ^**N, ^^0, ^®Ne, **°Ar 
and ®**Kr in the energy range from '^2 to 400 keV/nucleon. The upper curve 
in each panel represents calculated responses based on the Llndhard, et al . 
(1963) theory of nuclear defect; the lower curve is based on calculations 
which combine nuclear defect with energy losses (Northcllffe and Schilling, 
1970) of the ions in the 19pg/cm^ gold layer of our detectors. For ele- 
ments up through oxygen the agreement with theoretical predictions is 
excellent; for heavier ions deviations from the calculated curves are 
evident. (A full discussion of these results is given by Ipavich et al., 
[1977]). Using these measurements we have constructed measured energy 
incident energy response curves for particles with energies between 1 and 
1000 keV/nucleon covering a mass range between 1 and 84 amu. A sample is 
shown in Fig. 4, where the heavy curves represent best fits to our measure- 
ments and the light curves are extrapolations of our data using theoretical 
models of nuclear defects and electronic stopping power (Llndhard, et al. , 
1963; Northcllffe and Schilling, 1970) in gold and silicon. 

Fig. 5 shows the measured FWHM energy spread vs Incident kinetic energy 
of the ions in solid state detectors. The curves represent best fits to 
the data points. Amplifier noise of 12 keV FWHM has not been subtracted 
from these data. 


Energy Losses of Heavy lone in Carbon 

Measurements of stopping powers and ranges in carbon for a variety of 
heavy ions have been published (Ormrod and Duckworth, 1963; Hogberg, 1971; 
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F^. 5 Hzo6uAzd zrnAgy Ae^oiution (FWHM) cla cl function incident 
pditCcCz eneAgt/ -in thz Uitive/u<Xi/ MoAyZand ioild htaXa 
deXtcXofU . 


Powers and Whaling, 1962; Chu, et. si.- 1 1968; Bernstein, 1970; 

Wijngaarden and Duckworth, 1962). In Fig. 6 we chow for various ions, 
energy loss curves which fit these data at low energies (^10 keV/nuc) 
and merge with calculated curves of the total stopping powers derived 
from the range-energy tables of Northcliffe and Schilling (1970) at higher 
energies. 

For N and H we also show indirect measurements of Hsleh (1976) based 
on*tlme-of-flight analysis of field-ionized and accelerated molecules. 
Although the nitrogen data is in good agreement with the cur</es shown, the 
stopping powers for H seem to lie a factor of 2 above the values Indicated 
by the curve. The important points to note, however, are that the energy 
losses (a) are at most several keV7yg/cm^ at '^1 keV/nucleon, (b) decrease 
with decreasing energy and (c) depend only weakly on the ion energy. 
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Incl4«nt Encrffy (h«V/Nuc) 

fig. 6 Entfigy lo6A ciihvtb icn voAioiU ion6 in coAJyon ^oiJU. 


Response of the Secondary Electron Detector Assemblies to Charge 1 Particles 

We have investigated the pulse shapes, pulse height distributions and 
detection efficiencies of the secondary electron detector assemblies (SEDA's) 
using Van de Graaff beans of electrons, protons and heavy ions. The SEDA's 
ve used consist of a 5 ug/cm^ carbon foil (or solid state detector surface) , 
accelerating and deflection electrode grids, and microchannel plates (Green 
eit , 1975) mounted in a chevron arrangement (Wauhington, 1973). Secondary 
electrons having energies of MO-lOO eV are generated by an ion penetrating 
the carbon foil (or by an ion impinging on the surface of the solid state 
detector). These electrons are then accelerated to 1 keV and focused by 
curved deflection grids onto the surface of the first microchannel plate (see 
Fig. 12 for a cross sectional view of the SEDA's). The chevron assembly for 
the MCP is used to eliminate ion feedback (Washington, 1973) and is biased 
to run at a gain between 10^ and 10^. 

The shape and most probable amplitude of the output pulse from the MCP 
assembly triggered by passage of 400 keV nitrogen ions passing through the 
SEDA is shown In Fig. 7. The pulse amplitude is about 0.5 volts and the 
duration of the pulse '^2 ns. We shall show below that pulse of such large 
amplitude and fast rise time greatly reduce the complexity, weight and power 
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F^. 7 Shape and cumptLtudz oi the 

output itgnat o^ the ^econdoAi/ 
election deXecXox auembly 
(SEPA) exposed to a 400 keV 
U* beam. 


requirements of the TOF electronics. Using the measured pulse amplitude 
and duration we can estimate the number of secondary electrons focused 
onto the MCP assembly. The total charge collected is q *• IAt > (V/R)At ■ 
2*io~ll Coulomb. The average number of electrons detected at a gain of 
5*10^ is 25 which is in reasonable agreement with expected values (Clerc 
et al., 1973). 



To study the efficiency of 
detecting various particles either 
directly in the MCP's or through 
secondary electrons, we pulse-height- 
analyzed the MCP outputs during passage 
of beams of electrons, protons and heavy 
ions through the SEDA assembly. The 
pulse-height spectra for AGO keV elec- 
trons, protons and nitrogen ave shown 
in Fig. 8. These spectra ha\ been 
normalized relative to one another 
using the counting rate of the beam 
monitor detector. 


fig. i Pulie-height 6pecVia oi$ the 
output signal a SEVA 
exposed to 400 keV H, U* 
and etecViom. The spectrum 
labeled "e~ dULeeX" Kef^eAi 
to the dOiecX expo6uAe 
the micAochannel plate to 
electxonA . 
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The large differences in the shapes of the spectra are clearly evident. 

While the .Itrogen spectrum shows a distinct peak at channel '^120» the 
spectra for electrons have power law forms with exponents -6 and -2 respec- 
tively. More Important Is the fact that the detection efficiency above a 
given threshold for heavy ions far exceeds that for electrons and protons. 
This is directly related to the lower secondary electron yield of low-mass 
particles. If we set a threshold at channel AO (corresponding to about 
150 mV) then 98Z of nitrogen (and a similarly large fraction of other heavy 
ions) would be detected compared with 112 of protons and only 0.05Z of 
electrons passing through the foil. The fraction of electrons hitting the 
MCP directly and producing pulse amplitudes exceeding 150 mV is 0.3%. We 
note here that MCP gain shifts by a factor of 2 would not significantly 
affect the detection efficiency for heavy Ions. 


Calibration of the Time-of-Flight ^ Energy Detector System 

Knowing the energy losses in carbon foils and the energy defect In solid 
state detectors It is possible to calculate the expected positions of each 
charge state of each elen^nt in the At vs E matrix. In Fig. 9 we show the 
predicted locations in the At 2 ^ E plane (for p ® 25 keV/q) for a represen- 
tative sample of charge states and elements. For each point the FWHM limits 
in the measured energy and time are indicated as error bars and the charge 
state is given by the number next to the point. This display is, of course, 
similar to that of Fig. 2. The "elements" or "mass" lines still are of the 
form At a E“” where n is now 'uO.A. Despite the large uncertainties in the 
measurement of energy (these uncertainties are decreased at higher p values) 
one can readily separate all isotopes and charge states of H and He and 
resolve the dominant elements (such as C, 0, Si, Fe) and charge states 
(fully stripped ^ "solar wind" charge states, for example). With accinnu- 
latlon of data and statistical analysis of the distribution in the matrix, 
further improvements in the resolution will be achieved. 

Two additional points deserve to be mentioned. First, even in the 
absence of a signal from the energy detector, the TOF measurement will 
unambiguously resolve singly-ionized elements (such as CT^, N^, O'*", Na"*", 

S'*", K"*") . Second, by discriminating on a signal S = At + a*E, where At and 
E are the TOF and energy signals and "a" is a constant, it is possible to 
analyze only elements heavier than protons or heavier than He. For example, 
the threshold level shown by the dashed line in Fig. 9, clearly separates 
H and He from C and heavier ions. 

We have calibrated a prototype time-of-flight energy detector system 
using Van de Graaff beams of ^H, ^He, **He, ^^0, ^°Ne and **®Ar. 

The detector system consisted of the two SEDA’s described above separated 
by 10 cm for the time-of-flight deteirmlnation, and a University of Maryland 
solid state detector for the energy measurement. Commercial fast-time 
electronics were used for the TOF measurement. The At and the E signals 
were separately pulse-height analyzed. From the pulse-height spectra we 
determined the mean values and FWHM values for the At and E signals for 
each ion at each energy. The combined results of twr calibration runs 
(open and solid symbols) are given in Fig. 10. The curves represent the 
calculated response taking into account energy losses in the carbon foil 
and gold layer and the nuclear defect in the solid state detector. 
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Fig. 9 Cal(UjJU '~i po&itionb oj{ ^epAt6zntatCve chaAge 6tiUe6 and elements 
in the sx vs E plane. The shaded Aegion indicates one-dimensional 
tAjne-o^- flight (At) analysis in the absence o^ an eneAgy signal. 

IV. DESCRIPTION OF THE CHEM SPECTROMETER 

On the basis of our calibration experience with the tlme-of-fllght system, 
thin carbon foils and mlcrochannel plates, and our flight experience with de- 
flection analyzers, high voltage supplies and solid state detectors, we have 
designed the Charge-Energy-Mass (CHEM) Spectrometer not only to work effectively 
and reliably in space but also to operate properly in hi^ Intensity radiation 
environments . 

The energy and mass range covered by the CHEM Spectrometer is given in 
Fig. 11 in which three regions in the mass vs incident energy plane are drawn. 
Regions A and B indicate the response of the CHEM Spectrometer without post- 
acceleration . In region A, which extends from few to ''-200 keV/nucleon and 
Includes element H to Fe, three-parameter analysis leads to the unambiguous 
Identification of mass, charge state and energy of incoming ions. In region B, 
three-parameter analysis is made for all elements with charge states equal 
to or greater than indicated by the number next to the given element. (For 
example for potassium, three-parameter analysis is made for charge states of 
5 and above.) For lower charge states the TOF n^asurement is made in the 
absence of the energy measurements, which still permits a determination of 
the ion composition based on unambiguous measurements of the m/q ratio of the 
ions. In particular, the composition of singly ionized particles such as Na*^, 
K+, and S'*" is readily establl«hed. With post-acceleration of '^30 kV, three 
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parameter analysis (as in region A) is made for all charge states of all 
ions which lie in regions A, B or C. In particular, the chemical, isotopic 
and charge state composition of the solar wind and magnetosphere thermal 
plasma is measured. 
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At any given time, the CHEM spectrometer will record a two-point 
differential energy spectrum of the individual isotopes and charge states 
of H and He as well as of the major charge states of elements beyond He. 

With the sensor located such that it looks perpendicular to the spacecraft 
spin axis and has an unobstructed field of view of 40* by 50*, two- 
dimensional pitch angles distributions of suprathermal particles in 16 
angular sectors can be measured. Because of priority selection, immunity 
of the CHEM Spectrometer to background radiation and high sensitivity to 
thermal and suprathermal ions (which increases as the energy of incoming 
ions Increases) it is possible to analyze the energy spectra and composition 
of rare Isotopes, elements and charge states (deuterium for example). At 
the same time fast counting techniques (Inherent in the TOF measurement) allow 
analysis of very Intense fluxes of ions. These features combine to make the 
intensity dynamic range of the CHEM spectrometer 'v2*10^‘*. The charge and 
mass resolution, geometrical factors and sensitivity, intensity dynamic range, 
view angles and view direction of the CHEM sensor on a spinning spacecraft 
are summarized in Table 1. 

Mechanical Design 

The cross sectional view of the CHEM sensor without post-acceleration 
and showing only the essential components is given in Fig. 12. The overall 
dimensions of the sensor and its fast analog electronics are 24 x 11 x 16 cm, 
and its weight is approximately 2000 gm. 
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TABLE 1 

Capabilities and Requirements of the CHEM Spectometer 


A, CAPABILITIES 


- Energy resolution, AE/E; 

0.05 E 70 keV/q 

0.02 to 0.18 for E ^ 70 keV/q 

- Charge and mass resolution: 

Resolves all charge states and 
Isotopes of H and He; resolves 
major elements and charge states 
to and including Fe. 

- Sensitivity (minimum detectable 
flux level) : 

''*10“ Vp ions/ (cm^ sec sr keV/charge) 
[p = energy /charge in keV] 

- Maximum Intensity: 

10^^ ions/(cm^ sec sr keV/charge) 

- Geometrical factor, G; 

2*10“^ and 10“^ cm^sr 

- Intensity dynamic range: 

2-10^** 

B. REQUIREMENTS* 


- Weight 

''*2000 gm 

- Power 

'V/2500 mW 

- Size 

24 x 11 x 16 cm 

- View direction 

Perpendicular to spin axis 

- View angles 

40° (in plane containing spin 
axis of spacecraft) 

50° (in equatorial plane of 
spacecraft) 

* DPU not Included. 


The deflection analyzer is made up of two deflection regions (high and 
low energy) , each with its own multi-slit focusing collimator. The center 
deflection plate assembly, common to both deflection regions, is connected 
to the deflection voltage supply which Increments the voltage from 430 to 
3,000 V in up to 64 logarithmically spaced steps. A 1 mm exit slit in each 
deflection region defines the total deflection and the exit direction of the 
ions, as well as the energy resolution of the analyzer (5% and 18% for the 
low and high energy regions respectively) . The deflection voltage supply 


is a simplified version of one which will fly in the MPI/Unlversity of 
Maryland ISEE A and C experiments. The multi-slit focusing collimators are 
direct adaptations of the University of Maryland experiments on the IMP 7 and 
8 Spacecraft (Turns et. al, 1974) 

The TOP vs E detector follows directly the deflection analyzer as shown 
in Fig. 12. The entire assembly may be shielded from all directions against 
^10 MeV electrons and ^55 MeV protons to insure operation in high radiation 
intensity environments, such as at Jupiter at 6Rj. The TOP system consists 



16 


CHARGE-ENERGY-MASS (CHEM) SPECTROMETER 



fiQ. 12 S^ptc^Zzd CA066 itcXional vi^w thz CHEM iznioA.. (?) MuJLU-iiit 
iocjuA^ cotUmatoK; (2) eJUct/LOitatia dt^ltction amlyzoA; 

(3) cLcczlz^witijon and dzilzction g/uoti; (4) /izctanguZan. 6olid htoXz 
dttzcXofL; (5) coAbon ioil&j (6) chzvAon mccAochanneZ platz a&^ejnbZizi; 
(7) hovU>Zng6 ^OA ^ 06 t eZzcXAonZa . The shaded OA&a AzpAziznt 5.5 
gm/cm^ ifUzZding oi thz TOF E 6 zn 60 A ^Aom a^ dlAzctioM. 

of two identical "start” secondary electron detector asseinblles (SEDA's A 
and B) and a common "stop" SEDA (C) , incorporating the surface of a rec- 
tangular solid state detector (D) for generating the secondary electrons. 

(We have verified in our laboratory the performance of the "stop" SEDA). 

The separation between the carbon foils and the solid state detector surface 
(the flight-path) is 8 cm. Each start SEDA consists of a 0.2 x 1 cm grid 
supported thin carbon foil, and acceleration and deflection grids for focusing 
the secondary electrons onto the front surface of a rectangular chevron micro- 
channel plate assembly. The thickness of the carbon foil looking at the exit 
slit of the low energy deflection region is about 5yg/cm^, while the thick- 
ness of the other foil is 10 to 15yg/cm^, (2yg/cm^ carbon foils have been 
flown on rocket experin^nts, [Bernstein ^ 1969a, b]). The stop SEDA 

consists of a 0.7 x 1.2 cm, 300pm thick rectangular surface barrier detector, 
the acceleration and deflection grids and a rectangular chevron mlcrochannel 
plate assembly. The carbon foils and solid state detector are floated at -3.3 
KV, the acceleration grids and the front surface of the multichannel plates 
are at -2.5 KV and the impedance matched (500) collector or anode of each MCP 
is at ground potential. The potential difference between the deflection grids 
is less than 1 kV. 
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The rectangular solid state detector Is also used to measure the residual 
energy of the Ions and Is coupled through a network of high voltage capacitors 
and diodes to Its charge sensitive amplifier. The fast analog electronics, 
described In more detail below, are housed In boxes surrounding the TOF vs E 
detector. 

Description of the Analog Electronics 

The function of the analog electronics associated with the CHEM sensor Is 
to measure the tlme-of-fllght of the ions being analyzed (the time Interval 
between signals of SEDA's A and C or between signals of SEDA's 6 and C) , and 
to pulse-height analyze the output of the solid state detector D (see Fig. 12 
for the physical locations of the SEDA's and the solid state detector In the 
CHEM sensor). In addition, a variety of coincidence conditions are established 
and a number of single, double, and triple coincidence rates ( a total of 6) 
are generated. The power requirement of the CHEM Instrun^nts is 'V/2500 mW. 

The block diagram of the analog electronics is shown in Fig. 13. The 
output of each of the three SEDA assemblies is fed directly Into the respective 
constant fraction discriminator (CFD) . The CFD output signals are used to 
trigger the appropriate one shots (as shown In the diagram), establish coinci- 
dences and Increment the associated rate accumulators In the Data Processing 
Unit (DPU) . A signal from either of the two CFD's connected to SEDA A and B 
respectively causes the time-to-amplltude converter (TAC) to start; a signal 
from the CFD of SEDA C stops the conversion. The TAC output pulse, whose 

amplitude Is proportional to the time elapsed between the start and stop 

triggers. Is pulse-height-analyzed by the analog-to-dlgltal converter (ADC). 

The calibrate pulse generator (CPG) periodically triggers all three CFD* s 
simultaneously, calibrating the TAC for zero time lapse. 

The output of the solid state detector is coupled through a capacitor 
and diode network to a low noise charge sensitive preamplifier (CSA) followed 
by a pulse shaping amplifier (PSA) and threshold discriminator (DISCR) . The 
signal from the amplifier is also fed Into the second ADC for pulse-height 

analysis. Pulse trains from the two ADC's as well as the various counting 

rates are transferred to the data processing unit (DPU) for further analysis. 

It should be noted that pulse-helght-analysls of the TAC output will occur 
in the absence of a signal from the solid state detector. 

Two types of counting rates are generated. The three fast singles rates, 
(Cl, C2 and C3) with a pulse-pair resolution of about 10 ns are multiplexed and 
prescaled prior to transfer to the DPU. The slower coincidence rates (C1*C3, 
C2*C3, C1*C3*D, C2*C3*D) and the solid state detector singles rate D ('v^O.3 
to 0.4 us pulse-pair resolution) are fed directly Into the DPU. 

Fast Electronics 

As we have shown In Fig. 7, the output signal from the mlcrochannel 
plates is fast ('^'2ns) and its amplitude large (^150 mV) . This simplifies 
considerably the design of the fast electronics and eliminates, for example, 
the requirements for fast preamplifiers. It also makes It possible to use 
emitter coupled fast linear IC's (ECL) , thereby reducing weight and power 
requirements. The constant fraction discriminator poses the most difficult 
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design and layout problem. This type of discriminator is widely used for fast 
timing applications (Gedcke and McDonald, 1968) and produces a time signal 
which accurately represents the onset time of the Input pulse Irrespective 
of its amplitude. The schematic diagram of a constant fraction discriminator 
breadboarded and tested in our laboratory is given in Fig. 14. The power 
consumption of this circuit is 'v200 vM and its only active component is a 
single MECL 10216 integrated circuit. The wave-forms shown on top are some- 
what Idealized; a careful layout is required to prevent "ringing". The 
voltage labeled "REF" is obtained directly from one of the pins of the 1C. 


CONSTANT FRACTION DtSCRIMINATOR 




Hg. 14 Sc/iemtcc. diagram and hanplz. put&z Ahape^ the. ConAtant fAactcon 
VlAcjUmlnatoA uAtng one MECL tntegAoted cVLCiUt. 
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Using this circuit we have obtained an overall timing resolution of ^1 ns 
FWHM for the tlme-of-f light measurement. Although this CFD will operate with 
an Input signal whose amplitude Is at least 50 mV» It Is, of course, easy to 
Increase this threshold an arbitrary amount by attenuating the Input signal. 

High Voltage Supplies 

The variable and 4 KV voltage supplies are existing designs used In the 
MPI/Unlversity of Maryland experiments on ISEE and similar to supplies we 
developed for the University of Maryland experiments on IMF's 7 and 8 (Turns, 
et ol. , 1974) . In the variable deflection supply the output voltage Is 
Incremented at a rate selectable by ground command which may be as fast as 
one step/sec, between about 400 and 3000V. At each step the voltage Is 
Increased by a constant fraction, which Is also adjustable. For example, 
the voltage range may be spanned by 32 or 64 logarithmically spaced steps. 

The 4 kV supply Is used to properly bias the foil (or solid state detector) , 
the accelerating and deflection grids and the MCP's of the SEDA's. Taps on 
the Intermediate stages of the adder chain provide all of the required voltages. 

Post-Acceleration 

In order to extend downward the energy range of the CHEM Spectrometer 
(Into region C of Fig. 11) , the Ions must be accelerated after they pass the 
deflection analyzer but before they enter the TOF ^ E detector. A 30 kV 
post-acceleration Is sufficient. In the configuration of the CHDl sensor 
which Includes post-acceleration, shown in Fig. 15, the entire TOF E 
detector and analog electronics (except the variable power supply) are at 
the -30 kV potential. Physically, this high voltage "bubble" Is Isolated 
by a 1 cm gap from the grounded outer enclosure surrounding it. Three high- 
voltage stand-offs and two high-voltage feed-throughs (not shown) mechanically 
support the "bubble" so that the two entrance slits of the TOF E senscr 
line up opposite the two respective exit slits of the electrostatic analyzer. 

A 30 kv high voltage supply of the same design as the University of 
Maryland 25 ky supply which has been fabricated and flight-qualified for the 
MPI/Universlty of Maryland experiments on the ISEE A and C spacecraft, keeps 
the "bubble" at the high potential. This supply has field correction rings 
to prevent field emission discharge and Is not potted or sealed In a dielectric 
gas. The power to the electronics In the "bubble" is supplied by means of an 
Isolation transformer capable of withstanding 50 kv. Only digital logic 
signals will be transferred from the "bubble" to the DPU through the Isolation 
transformer. The additional weight and power required to Incorporate the 
post-acceleration In the CHEM spectrometer are ^>1000 gm and '^'500 mW respectively. 


On-Board Data Processing 

In exploratory investigations it is highly deslreable to have designed 
sufficient flexibility Into the experiment to be able to change its mode of 
operation and match the obse-ving program to the conditions which are encountered. 
The basic data provided by the CHEM spectrometer lend themselves to straight- 
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forward on-board processing which increases substantially the amount of informa- 
tion obtained on particle composition in a short time at limited telemetry 
rates. It is also easy to select different modes of operation and to imple- 
ment a flexible observation program for CHEM which best fits the actual con- 
ditions encountered. It is easy to take advantage of these features of the 
CHEM by properly designing the Data Processing Unit. 


CHARGE-ENERGY-MASS (CHEM) SPECTROMETER 



F>cg. 15 S^Lmpti^ied c'lOAA-Aectton the. CHEM &e.n& 0 K wtUch tnclude.6 po^t- 
acaeZeACLtion. The high voltage ''bubble" 6epaACLted the 
gfiounied outeA. houilng and the deflection analyzes, by a 1 an gap. 
The notation ii identical to that of fig. 12. 


In Table 2 we list the data output of the CHEM spectrometer. The basic data, 
consisting of a 28 bit pulse-height word and counting rates, is telemetered 
at a nominal rate of about one "event" per second and provides the primary 
data base from which the absolute fluxes, energy spectra and the detailed 
charge state, chemical and isotopic composition of the thermal or suprathermal 
ions is determined. 
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TABLE 2 

Data Output of the CHEM Spectrometer 


A. BASIC DATA 

1. Pulse Height Analysis 


Time-of-Flight 

Energy 

Angular Sector 
Flags 

High or Low Energy 

Double or Triple Coincidence 


2. Rates 


Singles 

3 fast (10 ns, multiplexed 
and prescaled) 

1 slow (lys) 

Double Coincidence 
Triple Coincidence 


B. ON-BOARD PROCESSED DATA 
1. Particle Rates 


4 non-sectored 

1 sectored (16 sectors) , or 

2 sectored (8 sectors) 


2. Mass Spectra 


No. of Bits 

10 

12 

4 

2 


28 bits 


No. of 

Accumulators 


1 

1 

2 

2 

6 


No. of 

Ac cumulators 


4 

16* 

20 


No. of 

Accumulators 


16 Channels @ 24 bits 


16* 


*Shared Accumulators 


It is possible, however, to do in addition straight-forward on-board 
computation of the mass of the ions, information which may then be used 
Instantly to make on-board selection of data to be transmitted to earth. 

For an idealized response of the TOF ^ E detector, the mass m of the 
particle is related to the time-o£-flight At and energy E by the expression 
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n> ■ a(AT)®E^ where "a" is a constant deteriDlned by the geometry of the systv:'-? 
a - 2 and d - 1. The actual measured response of the detector as shown in 

Fig. 10 does not change the form of the expression above but changes the vslues 
a and 0. A ressonable fit to the Ax vs E curves of Fig. 10 for elements 
above He is obtained with a ■ 3 and 0 ■ 1.3. Using table-look-up computational 
techniques* the mass of the particle may be computed on-bcird in ^ ms. This 
Information can then be used to generate the "on-board processed data", listed 
in Table 2. which will enable one to 

(a) study simultaneously time variations (on a scale of 10 's of sec) in 
the intensity of up to U elements or groups of elements (for example 
for H. He^, C to 0 and Na). and 

(b) examine angular distributions in 16 sectors for a given element or 
group of elements, or 

(c) accumulate a mass spectrum (on a time scale of 10' s of sec) as a 
function of the particle energy or arrival direction. 

The on-board computation of mass also makes it possible to select (by 
ground command) an ion species for high-priority analysis. Pulse-height in- 
formation generated by this preferred ion species would be transmitted at the 
highest priority, making detailed composition studies of rare isotopes and 
elements feasible. 

In addition to the priority selection based on the computed mass of the 
ion, a fast ('^'lys) decision on whether or not to analyze a given element can 
be made based on the value of the sum signal S • Axi'a^E (see Fig. 9 and accomp- 
anying discussion) and on the state of the High/Low Energy Flag (SEDA 1/2 PHA 
ID signal of Fig. 13). In Table 3A we list the nominal priority selection 
for pulse-height analysis for both the fast ('vlys) and slower ('>^lms) decisions 
based on energy and mass values of the Incident ions. 

The frequency and nature of data read out as well as a representative 
listing of ground commands are also given in Table 3B and 3C. The accumulation 
of counting rates is synchronized with the deflection voltage stepping and 
with the spin period of the spacecraft. The nominal readout frequency for 
the case of one voltage step on every spacecraft revolution is 12 pulse height 
events and 28 rate registers per revolution which is equivalent to about 75 bits/ 
sec. In this mode the entire energy range of CHEM would be covered in about 
6 to 7 min. It is of course, possible to change by ground command the voltage 
stepping rate and stepping sequence, as well as the priority for pulse-height 
analysis, select either angular sectoring or the accumulation of mass spectra, 
and select ion species for pitch angle distribution and rapid time variation 
analysis. This flexibility allows adjustment in near real-time of the mode of 
data collection to the varying condition and environments encountered. 

Characteristics and Capabilities of the CHEH Spectrometer 

The CHEM spectrometer described in the previous sections will measure at 
a bit rate of about 75 bits/sec the energy spectra uf thermal or suprathermal 
ions on time scales ranging from minutes to days. Complete differential 
energy spectra for up to five different ion species may be obtained within 
'^'5 min. , and the complete angular distribution of one ion species can be 


2A 


recorded in less than a minute. It is important to note that at any given 
voltage step two-point differential energy spectra are measured for all ions 
which are within the ener<*y range of CHEM and which satisfies the priority 
conditions. Availability of higher bit xates will result in obtaining 
complete measurement^ on shorter time scales. 

TABLE 3 

Modes of Operation and Data Flow of the CKEM Spectrometer 


A. PRIORITY SELECTION AND CYCLING FOR PULSE-HEIGHT ANALYSIS 

Fast Ips) selection based on: 

Mass of particle m: (5% for m ^ 1, 20% for m > 1, 75% for m > A) 
Energy of particle, E: (50% for E ^ 70 keV/q, 50% for E ^ 70 keV/q) 

Slow 1ms) selection based on: 

Mass of particle or group of particles (high priority for pulse- 
height analysis of elements in a mass range selected by ground 
command) 

B. DATA READOUT FREQUENCY 

- Data accumulation is synchronized with deflection voltage stepping. 

- Voltage is stepped after an integral number of spacecraft spins. 

- For voltage stepped once per spin, a representative data readout 
f requency would be 

1 voltage and other ID 
12 PHA events (28 bits each) 

3 - 16 bit accumulate rs (fast rates) 

9 - 12 bit accumulators (slower rates) 

16 - 2A bit accumulators (sectored rate 

or mass spectrum) 

C. GROUND COMMANDS 

On/Off SEDA A 
SEDA B 

Deflection Voltage 
Mode Change 

- Voltage stepping sequence and rate of stepping 

- Priority selection 

- Selection of mass spectra or angular sectoring 

- Selection of particle rates (sectored and non-sectored) 

- Selection of threshold levels on SEDA's and solid state 

detector 

- Change of SEDA bias level 


8 

336 

A8 

108 

384 

884 bit/revolutlons 
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Charge and Mass Resolution 

It is possible to calculate the charge and mass resolution of the CHEM 
Spectrometer using (a) the measurements of the energy loss and energy spread 
of ions in the carbon foils and solid state detectors (Figs. 5 and 6 , in 
particular), (b) the characteristics of the MCP output and of the fast elec- 
tronics, and (c) geometry of the CHEi'i sensor. The charge and mass resolution 
capabilities of the CHEM spectrometer can also be judged from Fig. 9 which 
shows that every charge state of every Isotope of H and He is clearly resolved. 

Since q » aE'/p (see Fig. 1), the FWHM resolution of the charge state Aq 
will depend on the energy resolution of the analyzer Ap/p and the measured 
energy spread in the solid state detector AE* as given in Fig. 5 

(Aq/q)2 « (AE'/E)2 + (Ap/p)2. 

The energy spread due to energy straggling of ions passing through the foil 
(<§3 keV for He, ^10 keV for Fe) is negligible compared to AE* which ranges 
from 12 to 'V'300 keV (see Fig. 5). For example, using the equation above and 
data from Figs. 5 and 6 we find that for 20 keV/q He+, Aq = 0.61 while for 
100 keV/q O'**® (Ap/p = 0.18 above 70 keV/q) Aq/q « 0.20 or Aq • 1.2 charge 
units FliIHM. At first glance it would seem that individual charge states would 
not be resolved in the latter case. One should remember, however, that in 
this case the energy is measured more accurately in the solid state detector 
(8%) than it is determined by the analyzer (18%) and that statistical analysis 
of the pulse-height data will improve the resolution of individual charge 
states in this region. 

The mass resolution is more difficult to analyze since it depends also 
on the accuracy of the velocity measurements (the time-of-f light , At). 
Contributing to the uncertainty in At are (a) flight-path uncertainties intro- 
duced by the finite area of the carbon foils and solid state detector ('V'1.7%); 
(b) timing resolution of the electronics ('vl ns) ; and (c) time-of-£light 
dispersion of secondary electrons in the SEDA's (;50.5ns). 'T' 3 largest contri- 

bution to the mass uncertainty comes from measurements of the ion energy. 

In Fig. 16 we show sample calculations of the FWHM mass resolution 
capability of the CHEM spectrometer as a function of energy, taking into 
account all possible contributions to the mass uncertainty. The discontinuity 
in the curves for elements with m ^ 20 is related to the considerable improve- 
ment obtained when the charge state of the ion has been determined. In such 
cases one can use the well defined values of p of the deflection analyzer 
instead of the more uncertain energy measured by the solid state detector to 
calculate the mass of the particle: m = 2q(AT)^/d^. 

The capability of the CHEM spectrometer to unambiguously resolve the 
charge states and Isotopes of H and He is particularly noteworthy. For 
example, ^H/^H ratio as low as IC^are easily measured. We note from Figs. 

16 and 9 that the mass resolution for H is about 0.1 amu so that a spill- 
over of the more abundant ^H into is for all practical purposes eliminated. 
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Sensitivity, Geometrical Factors, and Detection Efficiency 

The sensitivity (minimum fluxes measured) of the CHEM spectrometer 
depends on the value of the geometrical factor and the energy bandwidth of 
the analyzer, on the efficiency for detecting particles in the TOF vs E 
detector and on levels of accidental coincidence counting rates (background). 

The multi-slit focusing collimators used in University of Maryland 
experiments (IMP 7 and 8, ISEE A and C) make it possible to obtain large 
geometrical factors without sacrifices in the energy resolution of the deflec- 
tion analyzer* Although precise calculations of the geometrical factors of 
our deflection analyzers require Monte-Carlo computations, we can estimate 
the approximate magnitude of the geometrical factor G using the simple 
expression 

G * (S^S^/L), 

where n is the number of slits in the collimator, s and Sj are the slit width 
and slit length respective! and ^ is the depth of the collimator, S 2 is the 
width of the exit slit, and L the distance between the back side of the colli- 
mator and exit slit. Using representative values of N • 25; s » 0.013 cm; 

S, - 5 cm; S 2 - 1 cm; -C - 3 cm; L « 7 cm, we find that G - lO'^cm^sr for 
tne high energy section, and (with n « 50) G “ 2 x 10“ for the low energy 
deflection region. These estimates are valid to within a factor of 2. 

In the TOF vs E detector the overall efficiency for detecting ions is 
the product of the efficiency of detecting an ion with the SEDAs (counting 
efficiency) and the fraction of ions which reach the stop SEDA after passing 
the carbon foils . We have measured the counting efficiency of heavy ions in 
our SEDAs to be ^;95% for He and heavier ions. (These values are consistent 
with the results shown in Fig, 8 on the pulse-height spectra of the SEDA.) 
Scattering of ions in the carbon foils prevents all ions which enter the TOF 
vs E detector from reaching the solid state detector. The scattering of ions 
is the result of multiple coulomb interactions of the ion with the carbon 
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nuclei in the foil, and the amount of scattering Is Inversely proportional 
to the energy per charge of the Ion. From our measurements of the mean 
scattering angles for heavy Ions in a 5.5gg/cm^ carbon foil (Klrschner, 

1975) we estimate that for the geometry of the TOF E system used In the 
CHEM spectrometer design (Fig. 12) between lOZ and 50Z of the Ions going 
through the foil will reach the solid state detector. 

The factor F (which, when multiplied by the nuinber of ions of a given 
species detected by the CHEM spectrometer per unit time gives the absolute 
differential flux of these Ions) Is Inversely proportional to the geometrical 
factor G, the coxmting efficiency c and fraction f of Ions reaching the solid 
state detector, and the energy per charge bandwidth of the deflection analyzer, 
AE/q. For the low energy deflection section, F values range between (2 and 
10)*10**p“^ and for the high energy section these values vary between (1.1 and 
5.6) •10‘*p“^ , where p is in units of keV/q. The variability in F is of course 
related to the amount of scattering of the Ions and must be measured for 
each ion species using the actual geometrical configuration of the CHEM spectro- 
meter. 

The minimum ion intensities detected by the CHEM spectrometer are directly 
related to the background rate of the TOF E detector. Since In general 
the accidental double and triple coincidence rates of CHEM are extreLely low, 
the minimum flux levels range from (0.1 to l)p“^ (cm^sec sr keV/q)“^, where p 
is in units of keV/q. For example the minimum intensity of deuterium which 
can be measured with the CHEM spectrometer is 'vl0**^(cm^sec sr keV)“^at 20 keV 
and '\<3*10”**(cm^ sec sr keV)~^at 300 keV. For elements heavier than Ne these 
values would be increased by about a factor of 5. We point out that priority 
selection will allow preferential analysis of rare isotopes and elements. 

V. OPERATION OF THE CHEM SPECTROMETER IN HIGH INTENSITY RADIATION ENVIRONMENTS 

Intense fluxes of energetic charged particles (such as in the Jovian 
radiation belts) place severe requirements on electronic components and 
detector systems to simply survive effects of this radiation. To perform, 
in addition, meaningful measurements at these high intensity radiation 
levels a variety of techniques must be used to reduce the radiation background 
in the detector system to acceptable levels. The radiation induced background 
in the CHEM Spectrometer is reduced to negligible levels (even at Jupiter at 
6Rj) by a combination of the following techniques. 

- shielding of individual detectors in all directions against ilO MeV 
electrons and s55 MeV protons. 

- electrostatic filtering which prevents electrons below 10 MeV and 
all ions, whose energies lie outside the narrow energy passband of 
the deflection analyzer, from reaching the TOF E detector. 

- threshold discrimination on the output signals of the microchannel 
plates, which reduces substantially the detection efficiency for 
penetrating (>10 MeV) electrons reaching the MCP. 

- fast double and triple coincidence requirements which drastically 
reduce the accidental coincidence rate. 

- two-dimensional pulse-height analysis which leads to further suppression 
of any residual background and makes it possible to correct for it. 
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Background Levels Under Most Intense Radiation 

Ue consider here the worst-case condition at Jupiter at 6 Rj and will 
demonstrate that the CHEM spectrometer will operate properly In this environ- 
ment and measure the energy spectra, and the charge states, Isotopic and 
chemical composition of thermal or suprathermal Ions. 

With a shielding of '^6 gm/cm^ surrounding the entire TOF vs E detector 
(see Figs. 12 or 15), the flinces of penetrating electrons (>10 MeV) and 
protons (>55 MeV) are 1.5*10^ and <10** (cm28ec)"^respectlvely (see ’'Jupiter 
Charged-Particle Environment for Jupiter Orblter Probe 1981/1982 Mission, 

JPL publication 660-2A, August 1976, hereafter referred to as Document 660-24). 

The counting rate In the MCP resulting from these penetrating particles Is 
rjicp ■ (I* 5 * 10^ + 10** Cp) A/2 counts/sec, where A Is the area of the MCP 

and Cg and Cp are the counting efficiencies for electrons and protons In the 
MCP above some threshold on the output signal. From Fig. 8 we may take as 
upper limits ce “ 3*10"^and e » 10"^. Since the area of the MCP Is 0.5 cm^, 
r^CP i 10** counts /sec. For the solid state detector (area 0.85 cm^) the 
efficiency for counting electrons and protons Is close to 1 and the maximum 
counting rate rj) at 6Rj is rp i 6.5 • 10® counts/ sec. 

We now estimate the accidental double (r<|) and triple (r^) coincidence 
rates for the TOF ^ E detectors. J^d”(^MCP)^ “^TAC* where “ 3*10"^ sec is 

the maximum on-time for the time-to-amplitude converter (TAG). Since rjj^p i 
10**, rj ''' 30 counts/sec. Similarly, r^ « r^r])(Tj)+ x-j^c) 2r^rj)Tj^0 120 
counts /sec. 

Pulse-height analysis allows further suppression of background. The 
'^'1000 channel time-of-flight pulse-heigh spectrum of the background produced 
by accidental coincidences would be flat (due to their random nature) with 
the number of background counts/channel/sec, R^ » r^j/10^ . The background 
contribution in the region of the TOF pulse-height spectrum corresponding 
to the actual time-of-f light of ions traversing the TOF system (typically 
3 to 30 channels, or 1 to 10 ns) will therefore be (r{i/10^)*10 or >^0.3 
counts/sec. For the two-parameter pulse-height analysis of TOF ^ 

E signals, the corresponding number is 0.1 counts/sec. From this we conclude 
that the minimum Intensity for a given Ion species (such as Na'^) which can 
be measured reliably at 6Rj using the CHEM spectrometer varies between 10^ 

(cm^sec sr keV/q)”^ at 300 keV/charge and 6*10** (cm^sec sr keV/q)"^ at 1 keV/ 
charge. 

Background Levels Due to Spacecraft RTG's amd RHU 

Spacecraft used for Cuter Planets Missions rely for their power and heat sources 
on Radioisotope Thermoelectric Generators (RTG's) and Radioisotope Heater 
Units (RHU's). Contributions from the RTG and RHU generated neutron and 
gamma flux must be considered. Using flux values of 80 and 3.2 x 10^ (cm^ 
sec)”^ for neutron and gamma radiation from the RTG and RHU (see "Orblter 
Description Document for Jupiter Orblter Probe 1981/1982 Mission, JPL publi- 
cation 660-22, August 1976. p. D-16) we estimate the counting rates in the 
MCP and the solid state detector to be iMcp i 50 counts/sec and r^ << 100 
counts/sec. Here we assummed that the efficiency of the MCP for detecting 
gammas is about the same as the counting efficiency for 400 keV electrons 
('V'3’10”^). The background rates are estimated to be r^j s 8 x 10"** and 
rt < 5 X 10"® counts/sec, and are entirely negligible. 
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Consideration of Effects Due to Spacecraft Charging 

At Jupiter spacecraft charging up '^^-10 to -20 kV will accelerate the 
Jovian thermal plasma (Ions) to >10 keV/charge. This pre-acceleration will 
of course destroy any spectral features of the initially thermal plasma (it 
would only be seen at one value of the deflection voltage of the CHEM spectro- 
meter), but should not affect the charge state, isotopic and chemical compo- 
sition of these ions. It is estimated that the maximum expected intensity 
of accelerated thermal Jovian ions (at '^'bRj) is s 2*10^/(cm^sec sr) using 
information provided in Table 6-1 of Document 660-24. The expected maximum 
counting rate in the start SEDAs of the TOF ^ E detector will be s2’10® 
counts/sec, well within the capabilities of the CHEM fast ('^/ns) electronics 
which can handle rates of ^2*10^ counts/sec. More typical counting rates 
produced by the pre-accelerated ions are in the range of 'V/2*10® to s2’10** 
counts/sec. Even if a Jupiter Orb iter spacecraft remained charged at -10 kV 
or more for a whole year (a most unlikely situation) the expected fluence 
at the solid state detector would be S3 *10^^, a level which is considerably 
lower than the 10^ ^-10^® value at which degradation in solid state detector 
noise characteristics begins to take place. 

VI. EFFECTS OF RADIATION ON THE LONG-TERM PERFORMANCE OF THE CHEM SPECTROMETER 

The Individual detector elements in the CHEM Spectrometer which may be 
affected by exposure to the high intensity radiation are (a) the carbon foils, 
(b) solid state detector, and (c) microchannel plates. We will consider each 
in more detail below using the Jovian radiation environment as a model for 
the high intensity radiation. The fast-time electronics (primarily ECL IC's 
are known to be radiation resistant. 

Carbon Foils 

Thin carbon foils are commonly used as targets in low energy nuclear 
experiments where they are routinely exposed to intense beams of energetic 
ions. It is typically observed (Stoner, 1976) that 5 pg/cm^, 5 mm diameter 
unsupported carbon foils will survive a 3 MeV, yA N^ beam from a Van de Graaff 
for more than 30 :,in. From this information we can estimate the foil life- 
time in a high Intensity radiation environment (such as at Jupiter). It is 
reasonable to assume that the lifetime will depend on the total amount of 
energy (Ej) deposited in the foil, where Ej * Nj(dE/dx) ^Xfo^^ and Nf is the 
total number of N^ ions hitting the foil in ^^2000 sec at 1 yA beam current. 

For 3 MeV N^, dE/dx * 9 keV/yg/cm^ (see Fig, 6), N^ « 6.4*10^® and 

E>j> * 2.9*10^® keV/cm^. At Jupiter at 6Rj the shielded carbon foils will see 

penetrating electrons (ilOMeV) and protons (s55 MeV) at intensities of 1.5* 

10^ and <10** cm“^sec“^ respectively. Since the average ener^ losses for 
electrons and protons at these energies are 2*10“^ and 2*10"^ keV/yg/cm^ 
respectively (Barkas and Berger, 1964; Berger and Seltzer, 1964), the energy 
deposited in the foil by these penetrating particles is 1.6* 10^ keV/cm^sec. 
Even in this extremely high intensity radiation the foils would survive 
2*10^3 sec or 6*103 years. 
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The maximum foreground rate Is expected for a Jupiter orblter space- 
craft when It Is charged to -lOkV or more. It has already been shown that 
the maximum rate In the carbon foils Is, under these conditions, 2*10^ 
counts/sec. Since the energy loss of 10 to 20 keV protons Is ''*1 keV/yg/cm^ 
In carbon (see Fig. 6) and the foil area Is 0.2 cm^, the energy deposited 
In the carbon foil Is 5*10^ keV/cm^sec. Even at this maximum proton 
Intensity the foil lifetime would exceed 5*10^® sec or 1.5*10^ years. 


Solid State Detectors 

Surface barrier solid state detectors exposed at their front surface 
(Au) to 'v200 keV protons will not change their noise characteristics below 
fluence levels of 10^^/cm^ (Coleman et al., 1968). The onset of degradation 
Is expected to occur even at higher fluence levels when these detectors 
are exposed to penetrating protons and electrons. Solid state detectors 
have of course been flown on the Pioneer 10, 11 missions, where they have 
survived large radiation doses, and are used extensively In MJS77 experiments. 

The solid state detector In the TOF E detector of the CHEH Spectro- 
meter may see a foreground proton Intensity of 'v»10®/cm^sec (when the space- 
craft Is charged to -20kV) . Since these particles will enter the system only 
at one value of p “ E/q of the analyzer, (about 3% of the time), the total 
fluence In one year would be ^10 ^^/cm^ under these most extreme conditions. 
This fluence level Is below the 10^ ^/cm^ at which degradation begins to 
set-ln. We may therefore safely conclude that the solid state detector In 
the CHEM Spectrometer will easily survive the Jovian radiation environment. 


MicroChannel Plates 

There are two published reports on the lifetime of mlcrochannel plates 
under high Intensity Irradiation (Rugglerl, 1972; Sandel ^ al • , 1976). 
Rugglerl (1972) finds that, similar to channeltrons, mlcrochannel plates 
exposed to Irradiation have long periods of stable gain operation after an 
Initial reduction In gain (to '^<0.8 to 0.4 of Initial gain, depending on the 
mlcrochannel plate used). Sandel al . (1976), on the other hand, see a 
continuing drop in gain as the duration of exposure is increased. The 
relevant number to calculate Is the accumulated charge density at the chevron 
mlcrochannel plate assembly output due to Its exposure to the Jovian radia- 
tion. In Table 4 are listed representative fluences of electrons (^10 MeV) 
as a function of radial distance from Jupiter for a Jupiter orblter space- 
craft. The total fluence F below 16 Rj is )^8*10^Vcm^. Relating this to 
the accumulated charge density Q at the output of the MCP assembly we find 
Q = Fege = 6.4*10“^ coul/cm^. e Is the efficiency of detecting penetrating 
electrons and was taken to be 0.1 (Rugglerl, 1972), g Is the gain of the 
chevron mlcrochannel plate assembly (taken to be 10^) and e is the electron 
charge In coulombs. Exposures of channel plates to radiation which produce 
Q levels of 'V/6*10“^ coul/cm^ reduces their gain to values between 0.6 and 
0.98 of their original gain (Rugglerl, 1972; Sandel ^ £l • , 1976). The 
observed variability in the gain change Is apparently related to the fabri- 
cation history of a particular channel plate. Even though changes in gain 
by a factor of 2 can be tolerated in the present application of the MCP’s, 
screening and selection of MCP's should yield devices which have long term 
gain stability. 
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TABLE 4 


Fluence of Electron ^10 MeV Between 6 and 16 Rj* 


Rj 

Intensity 

(cm^sec)"^ 

Time (Hours) 

Fluence 

(cm^) 

6-7 

1.5*107 

9 

4.9*10^^ 

7-8 

1.1*107 

4 

1.5*1011 

8-9 

7*10® 

3.7 

9.3-10l° 

9-10 


3.4 

3.7*10l° 

10-11 


3.3 

9.5-10^ 

11-12 

2*105 

3.3 

2.4*10^ 

12-13 

l.l-lO^ 

3.3 

1.3-10^ 

13-14 


3.3 

1.2-10^ 

14-15 


3.3 

8.3*10® 

15-16 

5*10'^ 

3.3 

5.9*10® 

Total Fluence 


7.83*10^Vcm2 



* Date derived from Documents 660-21 and 660-24 


To compensate further for any gain changes in the MCP's it is possible 
to incorporate in the design provisions for changing the MCP bias levels by 
ground command. For example, with the ability to increase the bais voltage 
on the rear MCP of the chevron assembly by 50% (from 650 to lOOOV) constant 
gain can be maintained in the MCP even at fluence levels of 'v.s-io^/cm . 

Additional shielding will also significantly reduce the fluence levels 
seen by the TOF SEDA's. For example, increasing the thickness of the shield 
to '^13 gm/cm^ would exclude ;^40 MeV electrons from reaching the MCP and thus 
reduce the fluance by a factor of 'v-SO. The weight penalty for the extra 
shielding is about 600-700 gm. 
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VII, OPERATION OF THE CHEM SPECTROMETER IN THE SOLAR WIND 

The intensity of solar wind protons is typically ^10^ cnT^ sec"^ 
although values as high as '^<10® cm“^ sec"^ have been observed during 
disturbed periods. In this section we will demonstrate that the CHEM 
spectrometer is capable of measuring the charge states* isotopic and 
chemical composition and energy spectra of heavy ions in the presence of 
large solar wind proton fluxes. We note at this time that these peak 
intensities are observed by the CHEM spectrometer only at a few of the 
voltage steps of the deflection analyzer and only when the instrument 
points along the solar wind flow direction. The fraction of time when 
both conditions occur is typically less than IX. 


Background Caused by Solar Wind Protons 

Since the m/q ratio of protons is smaller than that of all other ions, 
it follows that for a given value p » E/q of the deflection analyzer (same 
energy per charge) (a) protons are deflected more than all other ions* and 
(b) they travel faster than all other ions. A straight-forward way to 
eliminate protons from analysis would be to electronically by-pass the few 
voltage steps (p values) at which solar wind protons would enter the TOF 
detector. It should be recognized that this would not eliminate analysis 
of other solar wind ions which enter the TOF system at different deflection 
voltages. However* as we show below, the CHEM Spectrometer will operate 
properly even when solar wind protons enter the TOF detector. 

The counting rate, rp, produced by solar wind protons in the start 
SEDA is Tp ■ AgTepfp ■ 5*i0^ cts/sec, where Ag is the area of the exit slit 
(0.1 cm^), T is the parallel transmission of the focusing collimator (0.5), 
Cp is the efficiency for detecting protons in the start SEDA (ep ■ 0.1* see 
Fig. 8), and fp is the peak proton flux (fp ^ 10® cm"^ sec"^). Because 
protons which enter the TOF detector (even after they are post-accelerated) 
travel faster than all other ions [vp/vi * (mi/qj^)'S]* all time-of-f light 
measurements triggering by protons will always be stopped by protons. These 
time-of-f light Intervals will be ^40 ps* which is the time-of-f light of a 
solar wind proton post-accelerated by 30 kV. At a rate of 5 ’10^ cts/sec. 
these protons will cause at most a 20% dead time in the electronics. The 
high priority selection based on the amplitude of the time-of-f light signal, 
At, can be used to effectively exclude pulse-height analysis of solar wind 
protons, without affecting measurements of their intensity, velocity* 
density and temperature. 

Even while solar wind protons are analyzed in the TOF detector, the 
CHEM Spectrometer is sensitive to all other ions over 80% of the time. The 
background rate caused by solar wind protons stopping the time-of-flight 
analysis started by other ions is given by r£ « rj^r'p(ATi-ATp) < r^. Atj 
is the time-of-flight of these ions (<200ns) ri is tne rate at which they 
trigger the start SEDA, Aip is the time-of-flight of protons (10 to 40ns) 
and tp' (<tp) is the rate in the stop SEDA due to solar wind protons. Pulse- 
height analysis of the time-of-flight and energy signals further surpress 
the background by at least a factor of 100, resulting in a "slgnal-to-noise" 
ratio of over 100 in the region of the At E matrix corresponding to the 
location of the "real ion events". 
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Effects of Solar Wind Protons on the Long-term Performance of the CHEM 
Spectrometer. 

We have shown In the previous section that solid state detectors and 
microchannel plates will operate without degradation at fluence levels 
• below '\»10^^/cm^ and 8*10^Vcm^ respectively. By incorporating provisions 

to Increase the bias voltage on the rear MCP of the SEDAs it is possible to 
maintain constant gain operation even to fluence levels of 5‘10^^/cm^. The 
« yearly fluence level, Fg, at the solid state detector of the CHEM spectro- 

meter due to solar wind protons is Fg ■ nrpft ■ 3*10^^where n ■ 3*10^ sec/yr, 
rp '\»5*10^ protons/sec (assuming an average intensity of 10® cm"^ sec“^) and 
f^ ■ 2*10“® is the fraction of time solar wind protons enter the TOF system. 
The corresponding yearly fluence level, Fj,jcp» at the microchannel plates is 
Fmcp " 3*10^® where rp was taken to be 5*10^ cts/sec. Since these fluences 
are 20 to 30 times below the levels at which degradation begins it can be 
concluded that solar wind protons will not affect the long-term performance 
of the CHEM Spectrometer even on ^10 year misslcr?** 


VIII. PRESENT STATUS OF DEVELOPMENT OF THE CHEM SPECTROMETER 

The CHEM Spectrometer is designed using detectors and components each 
of which has flown on previous space missions as will be demonstrated below. 


Deflection Analyzer 

The electrostatic deflection analysis of energetic particles using 
large-area multi-slit focusing collimators and high voltage (up to 'v-lS kV) 
deflection supplies has been used by the University of Maryland group in 
their IMP 7 and 8 experiments (Turns ^ , 1974) which are still operating 

and returning data of excellent quality. The deflection analyzer and 
stepped deflection supply of CHEM are direct adaptations of the existing 
and flight-qualified deflection system of the MPI/University of Maryland 
ISEE A and C experiments. 


Rectangular Solid State Detector 

Rectangular solid state detectors have been fabricated at the University 
of Maryland since 1968. None of the 25 solid state detectors in the Maryland 
IMP experiments has failed. For the ISEE experiments we have fabricated and 
flight qualified low noise (5 keV FWHM), thin window (19iig/cm^ Au) rectangular 
(0.3 X 2) cm^ solid state detectors. The requirements for the solid state 
detector used in CHEM are similar to these ISEE detectors. 


Secondary Electron Detector Assembly (SEDA) 

The essential components of the SEDA are the 5 (and 10) wg/cm^ grid 
supported carbon foils, the chevron microchannel plate assembly and the 
high voltage ('^'4 kV) bias supply. The University of Maryland group has 
flown 5, 10 and 15 kV supplies in their IMP 7 and 8 experiments. All these 
supplies are still functioning properly. 
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Thin carbon foils are surprisingly strong and extremely durable. 

This accounts for the fact that they are commonly used in low energy 
nuclear physics experiments. 2 pg/cm^ carbon foils have been flow 
successfully on rocket experiments (Bernstein ^ , 1969a, b), and 

grid supported, 5 and 10 yg/cm^ carbon foils have passed MJS level vibra- 
tion tests (Hsleh, 1976). We have shown in section VI that carbon foils, 
as configured in CHEM will easily survive the roost Intense radiation 
environment. 

MicroChannel plates are mostly used as image Intensifying devices, and 
are commercially available in the standard circular as well as rectangular 
configurations of most any reasonable size. Chevron mlcrochannel plate 
assemblies have flown on rockets (Kellogg, et al . , 1976; Lampton, 1976) 
and are an Integral component of the Ultraviolet Spectrometer experiment 
on the Mariner Juplter/Satum (MJS77) Mission (Sandel et , 1976) . In 
Sections VI and VII, it was demonstrated that features Incorporated in 
the CHEM Spectrometer design (shielding, bias adjustment) will assure the 
stable operation of the chevron MCP assemblies in the most intense radia- 
tion environment (at 6Rj at Jupiter) and in the solar wind. 


Time-of-Flight v£ Energy Detector 

Time-of-fllght is a powerful technique of mass identification of low 
energy particles which has been used in a variety of nuclear physics 
experiments (Goulding and Harvey, 1975; Viola 1976). In Section III we 
summarized our own work during the past two years using this technique, 
and presented results of calibrations of a prototype TOF 2js E detector 
using ion beams. 


Electronics 

The constant fraction discriminator which uses one MECL 1C (see Section 
IV) has been breadboarded and tested. Because of the very modest require- 
ments for the fast electronics ('V'l ns FWHM timing resolution using '^'2 ns, 
>150 mV input pulses) this CFD circuit only requires ;^200 mW power. The 
other fast electronics circuits (time-to-amplitude converter, coincidence, 
calibrate pulse generator) are currently being designed. 


30 kV Supply 

The University of Maryland group has had extensive experience in 
designing and fabricating low-power, ultra high voltage supplies and asso- 
ciated high voltage components for the MPI/University of Maryland experiment 
on the ISEE A and C spacecraft. A20 to 25 kV (adjustable) deflection supply 
has been built and flight-qualified. The -30 kV supply to be used in the 
thermal plasma version of the CHEM Spectrometer will be similar to the ISEE 
25 kV supply except for field correction rings to prevent any field emission 
discharge. The -30 kV supply and the power and signal isolation transformer 
are currently being designed. 
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